Introduction
T HE STUDY OF THE CULTURAL and biological base of plant domestication is a dynamic field, and one in which new research tools and conceptual frameworks are frequently adopted and implemented by students of the subject (e.g., Heun et al. 1997; Lev-Yadun et al. 2000; Abbo et al. 2006; Zeder 2006; Kerem et al. 2007 ). The adoption of new technological and conceptual approaches leads to improved understanding of past cultural and biological processes and, at the same time, bears important implications for present day agronomy and plant sciences. However, the vast majority of botanical (Harlan and Zohary 1966) , evolutionary (Harlan et al. 1973; Dubcovsky and Dvorak 2007) , genetic , archaeological (Hillman et al. 2001) , and economic-botanical (Ladizinsky 1975a; Weiss et al. 2004 ) studies on the origins of agriculture have focused on cereals, whereas legumes have received less detailed treatment (e.g., Zohary and Hopf 1973) . This review addresses the issue of Near Eastern crop domestication using a comparative approach between cereals and legumes.
A comparative approach to plant domestication is not a new idea (e.g., Harlan et al. 1973; Paterson et al. 1995) , and neither is the comparison between legume and cereal domestication processes (e.g., Zohary 1989 Zohary , 1996 . We follow in the footsteps of these past pioneering studies using newly accumulated evidence to emphasize relevant biological differences between legumes and cereals rather than the apparent similarities that attracted past attention (e.g., Zohary 1989) .
In this paper, we will first describe the founder cereal and legume crops of the Neolithic Near East and their wild progenitors. Second, we will highlight the morphological and life history traits that differentiate the members of these two crop groups from one other. In the third section of our review, we will discuss the physiological differences between Near Eastern cereals and legumes. Because the morphological and physiological features of these plants are the major yield determinants in agro-ecosystems (e.g., Evans 1993), we will show, in the fourth section, how the multitude of biological differences between legumes and cereals have affected the process of selection among potential candidates for domestication. Plant domestication was influenced by both biological and cultural determinants; therefore, in the fifth section, we will highlight the implications of our comparative discussion for the study of plant domestication in general. The wild progenitors of legume and cereal crops had different geographic distribution patterns and somewhat different floral biology. Combined together, these factors had a major impact on the evolution of the respective crops under domestication; hence, in the sixth section, we will describe the association between the floral biology and the natural distribution of the wild progenitors, as well as the agro-ecological adaptation of their derived crop plants. Finally, we will conclude by highlighting the importance of understanding the "genetic footprints" of the ancient domestication process for modern crop adaptation and improvement.
We argue that analyzing the biological differences between the nature of wild (and domesticated) grain legumes and cereals can significantly improve our understanding of the biological and cultural processes underlying their domestication and, no less important, may also open new avenues for future crop improvement prompted by this deeper understanding of crop evolution under domestication.
I. The Wild Progenitors of the Near
Eastern Grain Crops and Their Ecological Affinities Ample evidence suggests that Near Eastern agriculture emerged in a defined core area in southeastern Turkey and northern Syria (e.g., Lev-Yadun et al. 2000; Gopher et al. 2001; Salamini et al. 2002 ; however, for contrasting views advocating multiple domestication events/centers in the Near East, see Weiss et al. 2006 and Willcox 2005 and citations therein), and it is thought to have started with a group of seven graincrops that included diploid einkorn wheat (Triticum monococcum L.), tetraploid emmer wheat (T. turgidum L.), barley (Hordeum vulgare L.), lentil (Lens culinaris Medikus), pea (Pisum sativum L.), chickpea (Cicer arietinum L.), and bitter vetch (Vicia ervilia (L.) Willd.) (Lev-Yadun et al. 2000; Zohary and Hopf 2000) . Flax (Linum usitatissimum L.) is considered the first fiber crop of the ancient Near East; however, in the absence of any evidence for textile production in the relevant period, and being neither a legume nor a cereal, flax is of no concern in this review. The wild progenitors of the seven aforementioned crops were identified based on morphological similarity (botanical criteria) and cytological affinity (genetic criteria) (Zohary and Hopf 2000) , and, recently, DNA marker technology was used to identify the geographic origin of the domesticated stocks (e.g., Heun et al. 1997; Ladizinsky 1999; Ö zkan et al. 2002; van Oss et al. 1997) .
The wild progenitors of the two wheat taxa are wild einkorn (Triticum boeoticum Boiss.) and wild emmer (T. turgidum ssp. dicoccoides (Körn.) Thell.). These wild cereals are an element of the herbaceous flora typical of the Near Eastern oak-pistachio park-forest belt, extending from the eastern Mediterranean to the Zagros Mountains (Harlan and Zohary 1966) . Wild einkorn is confined to the northern (more humid and colder) parts of the eastern Mediterranean, while wild emmer is better adapted to semi-arid conditions, as is evident from its distribution from the steppe environs of the southern Levant throughout the Fertile Crescent to western Iran (for detailed distribution maps, see Harlan and Zohary 1966) .
The wild progenitor of domesticated barley is Hordeum spontaneum C. Koch. This species has a wide distribution range extending from Libya in the west throughout the eastern Mediterranean to the Himalayan foothills (Zohary and Hopf 2000) . In the center of its range, habitats occupied by wild barley are quite similar to those that give rise to wild wheat stands also within this range. In fact, in certain Near Eastern plant formations (e.g., grasslands, batha, park forests), wild barley and wild wheat thrive in mixed stands (e.g., Mt. Gilboa and Upper Galilee, Israel) (Harlan and Zohary 1966) . However, wild barley is also found in xeric habitats outside the Mediterranean vegetation belt in regions with less than 200 mm annual precipitation (e.g., northern Negev, Israel). Unlike wild emmer, wild barley and wild einkorn are also capable of invading disturbed habitats and are common weeds in cultivated fields in the southern and northern Levant, respectively . Domesticated lentil originated from Lens orientalis (Boiss.) Hand.-Mazz., which is a short-statured plant, rarely exceeding 15 cm height in nature ( Figure 1A ) (Ladizinsky 1993a) . It occurs from Turkey to Tadjikistan and from the Crimea to Israel as an element of primary habitats in open or partly shaded formations. It is typically found growing in shallow or stony soils originating from calcareous, metamorphic, and basalt bedrock at altitudes ranging from 500 to 1700 m, where it is not subject to competition by aggressive cereals or other colonizing species. Usually it is accompanied by annual vetches, clovers, medics, and grasspeas.
Wild bitter vetch (Vicia ervilia (L.) Willd.) occurs in stony habitats at elevations of 800 to 2000 m, in Asia Minor, Syria (Jebel Druz), Lebanon, and Mt. Hermon, mostly on soils derived from calcareous bedrock (Ladizinsky and Van Oss 1984) . Like Lens orientalis, its height in nature rarely exceeds 15 cm, but, unlike wild lentil, bitter vetch is capable of colonizing abandoned fields and roadsides and may appear as a tolerated weed in traditional agriculture systems where no chemical weed control is practiced . In primary formations in eastern Turkey, and especially in the core area of Near Eastern agriculture in southeastern Turkey and northern Syria (Lev-Yadun et al. 2000) , it is often accompanied by annual vetches, Pisum humile, annual Cicer sp., and, most commonly, by Lens orientalis (Ladizinsky and Van Oss 1984; Abbo, unpublished field diaries) .
The progenitor of domesticated chickpea, Cicer reticulatum Ladiz., is a relatively rare plant, endemic to the open oak parkforest of south-eastern Turkey (Ladizinsky 1975b ). Like Lens orientalis and Vicia ervilia, it has a prostrate growth habit (stature in nature rarely exceeds 20 cm; see Figure  1B ) and is mostly confined to shallow soils derived from limestone (Ladizinsky 1975b (Ben-Ze'ev and Zohary 1973) . Among the discussed legumes, it is the only species with robust growth that often attains a height of 0.7-1 m in nature (Zohary and Hopf 2000) . When encountered in the wild, stands are extremely thin, comprising only very few individuals, and quite often a single plant (Abbo et al. 2008a) . Ben-Ze'ev and Zohary (1973) also mention weedy forms of this taxon. Indeed, such forms were reported from secondary habitats (i.e., roadsides, field edges) in Israel, mostly outside the typical Mediterranean oak-pistachio belt, e.g., in the coastal plain near Gaza, or in the northern Negev, Israel (Post and Dinsmore 1932) . Due to their resemblance to domesticated pea of Dunn type and their confinement to ruderal and disturbed niches, these weedy forms are considered feral plants that escaped human cultivation (Ladizinsky and Smartt 2000) .
II. Differences between Legume and
Cereal Biology The biological features that differentiate the wild cereals that we have discussed from their wild legume counterparts are manifold (Table 1, Figure 1 ). The first and most prominent feature is plant stature. The three wild cereals produce tall stems that usually carry big spikes at a height of ca. 1.5 m, while the four wild legumes are creeping plants, rarely taller than 0.2 m, with the exception of Pisum humile, which may reach a height of 1 m and beyond ( Figure 1 , A-C) (Zohary and Hopf 2000) .
Growth habit is the second conspicuous difference between the two plant groupsnamely, determinate growth in cereals vs. indeterminate growth in the legume species (e.g., Kirby and Appleyard 1981; Saxena and Hawtin 1981; Khanna-Chora and Sinha 1987) . This seemingly "technical" difference is very important because it dictates a relatively uniform, synchronous spike-ripening in cereal stands in contrast to the prolonged ripening of legumes. The relatively synchronous ripening of cereals has far-reaching consequences for huntergatherers because it enables them to harvest a considerable portion of the potential cereal yield at any one location in a single visit, whereas only a meager fraction of the legume yield may be harvested at any one time. The continuous vegetative and reproductive growth of grain legumes results in a range of ripening pods along the stems. When the first ones ripen, the upper stem nodes may still carry flowers and immature pods ( Figure 1A) . Alternatively, timing the harvest towards the end of the ripening season may result in losing the majority of the seeds from the early pods that dehisce upon maturity. One of the traditional uses of both pea and chickpea is in green pod form, harvested prior to physiological maturity (fresh garden peas, and "Hamle Malane" chickpeas). The asynchronous ripening of grain legumes, and especially of pea, with its tall climbing vines with more fruiting nodes as compared with chickpea and lentil, is probably the origin of this dual use and, in fact, the basis of the modern frozen and canned pea industry.
The third difference concerns the dispersal units. The spikes of the three wild cereals disarticulate into awned spikelets ( Figure 1D ) that scatter around and bury themselves in the soil and under stones during the summer months (see Elbaum et al. 2007 ). The majority of the wild legumes we have discussed have camouflaged seeds (e.g., Abbo et al. 2008a ) that are dispersed away from the mother plant through the mechanism of pod dehiscence ( Figure 1E ). The only exception is wild chickpea, which has an incomplete pod dehiscence mechanism and is, therefore, somewhat pre-adapted to domestication (Ladizinsky 1979 ).
The fourth difference pertains to the degree of seed dormancy. In the cereals, seeds remain dormant upon maturation, and only about 50% of the seeds will germinate following the start of the next autumn rain season. In wild legumes, seed dormancy, imposed by a hard seed coat, is in the range of 90%, allowing only a meager 10% of the seeds to germinate with the autumn rains (Harlan et al. 1973; Werker et al. 1979; Ladizinsky 1985a Ladizinsky , 1987 (Figure 1F-H) .
The combined effect of the above differences in cereal and legume biology makes the respective wild legumes poor competitors as evident from their short stature, strong seed dormancy, and affinity to shallow soil pockets in stony and rocky habitats. Wild cereals are capable of growing in rocky niches but can also thrive in deep alluvial vertisols and can out-compete any wild emmer wheat spikes and dispersal units; (E) wild pea (Pisum elatius) and wild lentil (Lens orientalis) pod and seeds; (F) germination test of intact P. elatius seeds; (G) germination of P. elatius following seed scarification; (H) germination of domesticated P. sativum cv. Dunn; (I) wild Cicer reticulatum pods (upper row) and domesticated chickpea pods (lower row) at full maturity; (J) Cicer bijugum pods at full maturity; (K) seeds of C. bijugum, C. echinospermum, C. reticulatum, and C. arietinum. Also, see Table 1. short, creeping plants (Harlan and Zohary 1966) . This enables them to form massive stable stands year after year that may cover large tracts of land, as compared with the small wild legume populations and their erratic year-to-year establishment (Harlan and Zohary 1966; Ladizinsky 1987; Abbo et al. 2008a) .
Finally, the ancient Near Eastern grain legumes and cereals also exhibit a pronounced difference in their floral biology. In pea, chickpea, and lentil (wild and domesticated), pollination occurs 1 to 2 days before the opening of the flower buds (e.g., Cooper 1938) , making pollination by wind-or insect-borne pollen a very rare event. In an experiment designed to measure the rate of cross-pollination in domesticated chickpea, Eshel (1965) planted purple-flowered (dominant allele) Desi plants within a stand of white-flowered (recessive allele) Kabuli cv. Californian in the presence of bee-hives. Among more than 5000 plants grown from seeds collected from cv. Californian, no purple-flowered individuals were observed. Recently, Toker et al. (2006) reported a 1-2% outcrossing among chickpea mutant lines and cited similar results by others. In pea, outcrossing was estimated below 1% (Gritton 1980 ), a value found true also for transgenic pea lines with an average rate of outcrossing in the field below 0.1%, ranging between 0 to 0.18% for different genotypes (Polowick et al. 2002) .
In cereals, however, the flower structure ensures that the flowers are wide-open for a certain time due to a pair of specialized organs based on both sides of the ovary (lodicules) that swell after anthesis. Indeed, in wheat and barley, the anthers open while still within the closed florets; however, the anthers extend immediately afterwards and hang outside of the flower, releasing a considerable amount of pollen into the air. The release of airborne cereal pollen, combined with the fact that the flowers are open for a while, allow a wide range of cross pollination in cereal stands, ranging between 0.5% and 10% as a function of the genotype, the environmental conditions, and the viability of the self-pollen (e.g., de Vries 1971; Waines and Hegde 2003) . In fact, one of the putative diploid progenitors of wild emmer wheat (Aegilops speltoides Tausch) is a cross-pollinating species, and the allopolyploid series of both Aegilops and Triticum testifies that cross-pollination does occur in this group to an extent that makes it a strong evolutionary force (Levy and Feldman 2002) . Contrary to this, such polyploid series are not known in Cicer, Lens, or Pisum.
III. Cereal vs. Legume Physiology
Bearing on Crop Adaptation In this context, it is important to consider the evolutionary history of the relevant taxa, which primarily determined the adaptation of their wild forms in native habitats, regardless of eventual domestication. Upon domestication, these features became the major yield determinants in the agronomic production environment (e.g., Evans 1993) . In addition, the demographic effects associated with the domestication process (mainly founder effects) need to be considered since these genetic "bottleneck events" also involved adaptive changes (e.g., Abbo et al. 2003a ). cereal vs. legume physiology As discussed earlier, the wild ancestors of cereals and legumes differed from one another in several fundamental features that exerted profound effects on the physiology and adaptation of their domesticated derivatives. Among the various traits, plant stature (high, erect vs. low, crawling), growth habit (determinate vs. indeterminate), and nitrogen source (mineral soil nitrogen vs. nitrogen-fixing bacteria) seem to have had a major influence upon the physiology, adaptation, yield, and nutritional value of the respective crops. A comparative study of cereal versus legume physiology and its implications for domestication is limited at two levels. First, in contrast to the abundant literature on the physiology of cereal crops (e.g., Evans 1993 and references therein), little has been published on Near Eastern legumes (e.g., Turner et al. 2001 Turner et al. , 2005 . Second, physiological data on the wild progenitors of grain legumes is practically nonexistent. Therefore, the following discussion is based mainly on the physiological characterization of domesticated crop forms with only limited information on legume crops.
Different plant species are adapted to various rates of incident solar radiation. Shade-adapted species will normally have greater photosynthetic rates at low radiations, whereas sun-adapted species will perform better at high radiations (Taiz and Zeiger 2006) . Being mostly low-stature, crawling species, legumes are generally expected to be adapted to lower radiations as compared with erect, high-stature cereal species. This difference should theoretically be manifested at various levels, from single-organ photosynthesis up to crop canopy productivity. In Haldimann and Feller's (2005) study of pea species, the photosynthetic system became light saturated at PAR (photosynthetic active radiation) of about 500 mol m Ϫ2 s Ϫ1 (40% of full sunlight), and the maximal carbon assimilation rate was 14 mol m Ϫ2 s
Ϫ1
. Chickpea photosynthesis exhibited light saturation at PAR of about 600 mol m Ϫ2 s
(50% of full sunlight) and maximal carbon assimilation rate of 20 mol m Ϫ2 s Ϫ1 (Ma et al. 2001) . A similar value of maximal assimilation rate (23 mol m Ϫ2 s
) for chickpea was reported by Singh et al. (1982) ; however, it was associated with an exceptionally high light saturation value (1200 mol m Ϫ2 s
). Bread wheat obtained light saturation at 750 -800 mol m Ϫ2 s Ϫ1 (Burkart et al. 2000; Yu et al. 2004) . Maximal carbon assimilation rates of 31, 35, and 30 mol m Ϫ2 s Ϫ1 were reported for bread, durum, and einkorn wheats, respectively (Austin et al. 1982 ). Crop growth rate or CGR (dry matter produced by crop canopy per land area unit per day) was in direct association with the single leaf photosynthesis rate, showing lower values in chickpea (20 g m Ϫ2 day) as compared with wheat (30 g m Ϫ2 day) (e.g., Bonfil and Pinthus 1995) . Finally, these differences were also reflected in the lower biomass produced by legume crops-e.g., 1415 g m Ϫ2 for chickpea (Bonfil and Pinthus 1995) and 797 g m Ϫ2 for lentil (Matus et al. 1995) as compared with 2056 g m Ϫ2 for bread wheat (Bonfil and Pinthus 1995) . Legumes have an indeterminate growth habit with flowers, pods, and seeds developing sequentially along branches (e.g., Saxena and Hawtin 1981; Khanna-Chora and Sinha 1987) , whereas cereals have a determinate growth habit with synchronized flowering and the development of most reproductive organs occurring over a short period of time (Kirby and Appleyard 1981) . Therefore, during flowering and grain development, cereal crops are particularly vulnerable to the extreme temperatures prevailing in the Near East-mainly hot spells forcing terminal drought during grain development (Loss and Siddique 1994) . While such events can cause fatal damage to cereal productivity, they will cause only partial yield loss in legumes due to their longer reproductive period. On the other hand, ample rainfall enables the extension of the reproductive phase of the indeterminate legumes and increases yield, as demonstrated by historical (1914 -1923 yield data of spring wheat and legumes from rain-fed traditional Near Eastern farming systems (ElazariVolcani 1930) (Figure 2 ). Moreover, in cereals, senescence is an irreversible terminal process, and, thus, it is associated with the remobilization of various plant reserves from the canopy to the maturing seeds, contributing as much as 64% of the seed dry matter (DM) (Rawson and Evans 1971; Palta et al. 1994) . By contrast, indeterminate pulses need to maintain canopy viability, resulting in the remobilization of a smaller proportion of their reserves, contributing up to 42% of the seed DM (Khanna-Chora and Sinha 1987; Bushby and Lawn 1992; Davies et al. 2000) .
Leguminous plants can obtain their nitrogen by symbiosis with nitrogen fixing bacteria, whereas cereals are fully dependent on soil fertility for their nitrogen supply. Being nitrogen self-sufficient, legumes did not encounter nitrogen deficiencies while changing from scattered, wild stands to domesticated plant communities. Thus, domesticated legumes usually exhibit grain protein contents comparable to their wild progenitors (e.g., 19% to 23% in both chickpea and its wild progenitor, and 23% in pea vs. 19%, 21%, and 23% in wild Pisum fulvum, P. humile, and P. elatius, respectively) Kerem et al. 2007; Zezak 2008) . In the absence of direct evidence for Neolithic farm operations (such as tilling and weeding), we assume that domesticated cereals underwent an evolutionary period under limited soil nitrogen levels (and probably limited levels of other nutrients as well) during the early farming era before crop rotation and manuring practices were adopted. Indeed, domesticated cereals typically have lower grain protein and mineral concentrations relative to their wild ancestors, e.g., grain protein 13% to 14% vs. 23% (Avivi 1978) , grain zinc concentration of 53 vs. 125 mg kg -1 , and grain iron 45 vs. 85 mg kg -1 in domesticated teteraploid wheat vs. wild emmer wheat, respectively. (Peleg et al. 2008a) . It is therefore assumed that under ancient proto-agricultural (nonfertilized) practices, low nutrient requirements and grain concentrations might have conferred a selective (grain yield) advantage as apparent from the ancient selection impact on grain protein content in domesticated emmer wheat (Uauy et al. 2006 ).
As stated above, this discussion was restricted due to lack of data on the physiology of the wild relatives of legume crops. Therefore, future research should target wild lentil, pea, and chickpea physiology with special emphasis on the immediate wild progenitors. Given our discussion, it is tempting to hypothesize that wild legumes will show better adaptation to low incident radiation as compared with wild wheat or barley. Interestingly, two of the wild pea species (Pisum elatius and P. fulvum) mostly occur in half-shade niches (Ben-Ze'ev and Zohary 1973), whereas the domesticated P.
humile grows in open plant formations. If indeed the latter species is capable of better performance under open field conditions with higher solar radiation, this might The association between spring wheat and legume (i.e., lentils, chickpeas, broad beans, bitter vetch) crop yields (metric tons per hectare) in traditional Near Eastern farming systems under rain-fed conditions and annual rainfall (mm). Yield data were adapted from Elazari-Volcani (1930) , and rainfall data were adapted from Ashbel (1965 the physiological bottlenecks associated with legume domestication A low level of genetic variation due to a strong "founder effect" is a universal feature of domesticated crops worldwide (Ladizinsky 1985b; Tanksley and McCouch 1997) . This is a direct result of the so-called prehistoric "sampling error" that occurred in the very early stages of domestication when a limited number of seed stocks were selected for intensification attempts. If Near Eastern farming did indeed start in a defined core area in southeastern Turkey and northern Syria (Lev-Yadun et al. 2000; Gopher et al. 2001; Salamini et al. 2002) , it follows that the founder stocks of the respective crop plants were the ones growing in that region (e.g., Abbo et al. 2001) . Local wild populations, diverse as they may be, cannot harbor the entire variation of a widely distributed species, especially since a considerable portion of the geographic variation is adaptive (Mayr 1970:194) . Therefore, the ancient "sampling error" of the incipient farmers resulted in domesticated strains that encompass only a limited fraction of the coding and noncoding DNA variation of the founder crops (Ladizinsky 1985b (Ladizinsky , 1998 .
This phenomenon was often studied and referred to at the level of qualitative genetic traits-for instance, isozymes, seed storage proteins, disease resistance genes, and DNA markers. However, it is safe to assume that the narrow genetic base of crop plants also concerns polygenic and regulatory allelic variation, as well as developmental and epigenetic networks that govern complex physiological syndromes (e.g., Evans 1993; Schauer et al. 2006) . Specifically regarding Near Eastern founder crops, grain yield under rain-fed conditions is a highly complex trait, affected by numerous genes governing major and minor effects and their inevitable interactions with each other as well as with biotic (pests, pathogens, weeds) and abiotic (seasonal temperature amplitude, total precipitation and its seasonal distribution, soil type) factors. Across large tracts of the Near Eastern Fertile Crescent, winter rainfall is erratic and subject to considerable year-to-year fluctuations (Ashbel 1965 ) that at times result in contrasting selection pressures (e.g., Peleg et al. 2008b) . Therefore, in typical eastern Mediterranean ecosystems, there exists a permanent selective advantage to populations harboring a wide array of physiological adaptation strategies (e.g., Peleg et al. 2005) . Under domestication, however, the picture may be quite different, as exemplified by the following test case.
chickpea vernalization genes
Several wild annual Cicer species have a strong flowering vernalization response (Abbo et al. 2002; Berger et al. 2005) . Indeed, timely reproduction after the cold winter and prior to the onset of the summer drought is a major adaptive trait. This is also true in the core area of Near Eastern agriculture in southeastern Turkey and northern Syria, which is an important center of wild annual Cicer sp. (van der Maesen 1972) . In prehistoric times, wheat, barley, pea, lentil, and flax spread around the Mediterranean and into the temperate regions of Europe (Zohary and Hopf 2000) . Chickpea underwent an exceptional evolutionary history under domestication as compared with its companion Near Eastern "founder crops"(for detailed reviews, see Abbo et al. 2003a,b) . All founder crop species, except for chickpea, have retained their autumnal germination-summer maturation cycle, while across the Near East, traditionally, chickpea is a spring-sown crop (Kumar and Abbo 2001) . It was suggested that this cycle shift from autumn to spring sowing was driven by chickpea's extreme vulnerability to the fungal disease Ascochyta blight during the rainy season (Abbo et al. 2003b ). While the vernalization response of wild chickpea is a major adaptive trait in its native growing conditions, any vernalization requirement may cause a severe yield penalty in a springsown crop (e.g., Putnam et al. 1993; Abbo et al. 2002) . Therefore, a strong selection pressure in favor of vernalization insensitivity must have been in place in ancient times when farmers subjected chickpea to repeated spring sowing in an attempt to avoid crop losses to Ascochyta blight (Abbo et al. 2003a,b) . This resulted in further genetic erosion, on top of the initial domestication "founder effect." This "summer cropping genetic bottleneck" of chickpea had a marked effect on several physiological syndromes among domesticated chickpea stocks, probably due to a correlated response to selection (Abbo et al. 2003b ). These include sensitivity to low temperatures during pod set (e.g., Clarke and Siddique 2004) and high susceptibility to Ascochyta blight (Abbo et al. 2003a ). Both phenomena most likely arose due to lack of selection pressure in favor of the alternative alleles under the spring sowing regime (Abbo et al. 2003a ). Another possible outcome of this unique evolutionary history is the very low-practically nil-heritability of osmotic adjustment (Turner et al. 2007 ). Not surprisingly, these physiological limitations of chickpea, imposed by its evolutionary history under domestication, reflect its major yield-limiting factors in present-day Mediterranean farming systems (e.g., Abbo et al. 2003a; Turner et al. 2007 ).
IV. Selecting the Potential Candidates for Domestication
Hunting-gathering and farming operations depend heavily upon human preferences and technology on the one hand, and on the biological features (including productivity and distribution) of the relevant target resource on the other hand. Due to differences in population structures, seed dormancy patterns, and/or seed dispersal strategies of wild cereals and legumes, it is reasonable to assume that hunter-gatherers interacted differently with wild cereals as compared with wild legumes. Similarly, it is possible that different considerations were at the heart of the decision-making processes that led to the domestication of grain legume taxa as compared with those that led to the domestication of cereals.
seed dispersal mode
In wild wheat and barley, seed dispersal occurs through spike disarticulation, which results from the development of an abscission layer at each of the rachis internodes along the spike after the seeds have attained physiological maturity in the early summer months. During this process, and certainly in the first weeks after spike disarticulation, a considerable amount of spikelet material can be collected with relative ease from the ground (Kislev et al. 2004 ). In wild grain legumes, with the exception of wild chickpea, in which pods remain intact for a long period of time after full maturity (Ladizinsky 1979) , seeds are dispersed as a result of pod dehiscence (e.g., Figure 1B ). Unlike the long-term "harvestability" of cereals dispersal units, legume seeds, once detached from the bursting pods, fall into the rocky crevices and cracks in the soil, and only a meager amount can be traced with great effort. Zohary (1989) equated the spike disarticulation trait of wild cereals to the pod dehiscence of wild legumes, thus constituting one of his arguments for the resemblance between the domestication of cereals and legumes. While in principle these two mechanisms serve the same end of ensuring efficient seed dispersal, the evolutionary outcome since the early days of Near Eastern farming points to an important difference. In domesticated cereals, nonbrittle spikes are a common feature, suggesting ancient selection pressures (be they conscious or unconscious) (Zohary 2004 ) in favor of the nonbrittle alleles. However, as pointed out by Ladizinsky (1989) and as evident elsewhere (Muehlbauer et al. 1998) , seed losses of up to 30% are still common among present-day domesticated lentil cultivars. Under traditional farming practices in the Near East, vetches, chickpeas, and lentils are harvested immediately after most pods have attained physiological maturity (but before the crop has completely dried up) and are taken to the threshing grounds. Under such circumstances, the selection pressure in favor of major as well as minor nondehiscent alleles is low-the probable reason for the retention of the partial dehiscent phenotype in modern lentil cultivars (Ladizinsky 1989) .
The incomplete pod dehiscence of wild C. reticulatum ( Figure 1I ) led Ladizinsky to suggest that, at least in terms of its seed dispersal mode, this wild species is probably the best candidate for domestication compared with the rest of the wild progenitors of Near Eastern grain legumes (Ladizinsky 1979) . Interestingly, incomplete pod dehiscence is typical in an additional wild annual chickpea species (C. bijugum), which is also native to the core area of Near Eastern agriculture ( Figure 1J, K) . Had ease of harvest or the degree of seed loss at maturity been a major consideration among the regional communities choosing which species to domesticate, one would have expected to see C. bijugum among the founder crops of Near Eastern farming. This species, however, was not domesticated, stressing the relatively little significance of such morphological pre-adaptation.
seed dormancy It has long been argued that wild lentils, with their poor productivity in wild habitats, are unlikely to have been a staple source of protein or calories for huntersgatherers (Ladizinsky 1987) . Strong support for this argument was recently provided by experimental data ). Moreover, due to their strong seed dormancy (ca. 90%), there is hardly any net gain from sowing wild-type lentils (Ladizinsky 1987) . Therefore, Ladizinsky (1987) suggested that wild lentils were unlikely to have been adopted as candidates for farming unless a free-germinating (domesticated, nondormant mutant) type was available for incipient farmers and had indeed attracted their attention. This unorthodox contention by Ladizinsky (1987) , which can be summarized briefly as "pulse domestication before cultivation" (also the title of Ladizinsky's publication on the topic), attracted severe criticism stressing the relative importance of the breakdown of the wild-type seed-dispersal mode over free-germination in pulse domestication (Zohary 1989; Blumler 1991 ). The debate that followed concerning the relative importance of these traits in pulse domestication is still unresolved (Ladizinsky 1979 (Ladizinsky , 1985a (Ladizinsky , 1987 (Ladizinsky , 1989 (Ladizinsky , 1993b Zohary 1989; Blumler 1991) . However, new data on the yield potential of wild pea and lentil populations (Abbo et al. 2008a,b) lend support to the arguments put forward by Ladizinsky (1987 Ladizinsky ( , 1989 Ladizinsky ( , 1993b )-namely, that wild legume populations are not a reliable food resource and that the sowing of wild-type seeds results in poor stands, thus making this an unlikely major avenue for pea and lentil domestication. In contrast, the high germination rates of wild cereals coupled with their strong tillering capacity may easily produce thick stands of spike bearing culms; therefore, cereal seed dormancy is unlikely to have been an obstacle to Near Eastern cereal domestication.
productivity Wild wheat and barley have large spikes that carry relatively heavy grains (ca. 30 -40 mg) compared with other common Near Eastern grasses (e.g., Figure 1 of Weiss et al. 2004 ). Indeed, a number of wild cereal collection exercises have demonstrated the potential of wild cereal stands as a reliable food resource (Harlan 1967; Ladizinsky 1975a; Kislev et al. 2004 ; appendix of Abbo et al. 2008a ). In contrast, wild lentils and wild peas are a problematic resource in terms of productivity per plant or per collection time unit (Ladizinsky 1987; Abbo et al. 2008a,b) . Moreover, among the three wild pea species native to the Near East (Pisum elatius, P. humile, and P. fulvum) , it seems as if the least productive one was adopted for domestication (Ben-Ze'ev and Zohary 1973; Abbo et al. 2008a ). This may be taken as a clue that considerations other than productivity might have been more decisive in the adoption of potential legume species.
choosing from an array of potential candidates As we have discussed, the adoption of wild barley and wheat can easily be understood given the fact that other Near East-ern cereals, including Hordeum sp. and Aegilops sp., have smaller grains. Among wild Near Eastern grain legumes, the picture is quite different. Three wild annual chickpea species (Cicer reticulatum, C. echinospermum, and C. bijugum) are native to eastern Turkey-the origin of domesticated chickpea. All three taxa can be found within one to two days walking distance from key Neolithic sites like Ç ayönü. Although these three species bear seeds of comparable size (ca. 100 -120 mg per seed) ( Figure 1K ), only one of them (C. reticulatum) was domesticated. Farmers are highly aware of pests and diseases that infest their crops (Abbo, unpublished field diaries from Turkey, Ethiopia, Eritrea, and Uzbekistan). Therefore, the question of the ancient choice of C. reticulatum for domestication becomes even more puzzling given the fact that both C. echinospermum and C. bijugum show better resistance to a number of pests and diseases (Singh et al. 1998) . Also, three wild pea taxa are native to the eastern Mediterranean, albeit in different habitats, as pointed out by both Waines (1975) and Zohary (1996) . All three seem like good candidates for domestication, yet only one (P. humile) was eventually domesticated.
A similar pattern occurs among wild lentils. Two taxa (Lens orientalis and L. odemensis Ladiz.) of similar seed size (ca. 10 mg per seed) are native to the eastern Mediterranean and can be found in close geographic proximity in Israel, Syria, Turkey, and probably in adjacent territories as well (Ladizinsky 1993a) . Lens orientalis is native to soils derived from carbonate bedrock, and L. odemensis is mostly confined to basaltic regions in parts of its range (Ladizinsky 1993a). Why, then, was only one of these two Lens species adopted for domestication? The picture becomes even more complex when one takes into account two wild annual Cicer species, one native to Turkey (C. pinnatifidum) and the other to Israel (C. judaicum), with seed size similar to both wild lentil species but that apparently were not domesticated.
This selective domestication from a wide array of available and seemingly suitable candidates puzzled past students of the subject (Waines 1975; Zohary 1996) . It may be considered a manifestation of the cultural phenomenon, termed "pre-emptive domestication" by Diamond (1997) , in which the successful adoption of one species prevents the need to deal with other species with similar potential. This understandable human cultural process applies nicely to a pattern in which a group of species native to a certain area is brought under domestication and later spreads to other world regions in which some taxa with similar potential exist (e.g., the spread of farming from the Near East to Central Asia). This process, however, does not explain the selective adoption of legume species within the Near Eastern core area by Neolithic societies. Assuming that the choices of Cicer reticulatum, Pisum humile, and Lens orientalis, each from among several congeneric taxa containing reasonable candidates for domestication, were not accidental, it is likely that Neolithic societies relied on some biological and/or other cultural reasoning when choosing their crop species.
the possible role of nutritional considerations In a study of seed composition in wild and domesticated chickpea, considerably higher tryptophan levels were found in domesticated stocks (1.10 mg/kg seed dry weight) as compared with the wild progenitor C. reticulatum (0.33 mg/kg seed dry weight) (Kerem et al. 2007 ). Dietary tryptophan determines brain serotonin synthesis, which, in turn, affects certain brain functions and human behavior. For instance, the addition of tryptophan to the diet at breakfast increases the quality of sleep, and improves mental health and appetite-effects which are probably mediated through tryptophan metabolism to serotonin and melatonin (Harada et al. 2007) . We propose that the significant increase in the levels of free and total tryptophan occurred following an ancient selection process (Kerem et al. 2007 ). This, in turn, enriched the diet of early farmers and made chickpea a unique food source.
The profound effects of a tryptophanenriched diet may help answer the questions raised concerning the difficulties in bringing chickpea under domestication, and may also explain why prehistoric farmers choose this rare species and subsequently struggled to keep such an agronomically complicated crop under domestication (Abbo et al. 2003b; Kerem et al. 2007 ).
Other nutritional and/or taste preferences may have guided the selection of stocks of domesticated lentil and pea, each out of a number of sympatrically occurring wild taxa native to the Fertile Crescent. Such selection may have occurred based on the presence of receptors to L-amino acids in the gut (Rozengurt and Sternini 2007; Conigrave et al. 2007 ) and the metabolism of tryptophan in the gastrointestinal tract (Konturek et al. 2007 ). Signals originating from the gut are crucial for the control of appetite, the regulation of energy balance, glucose homeostasis, and other physiological variables (Berthoud 2008) . By acting not only on the brainstem and hypothalamus, the stream of sensory information from the gut to the brain underlies a feeling of satisfaction and happiness as observed after a satiating meal (Berthoud 2008 ), hence accounting for the possible role of nutritional considerations in selection of food sources.
A comparative study of the seed composition of wild and domesticated pea and lentil may refute or support our hypothesis concerning the role of nutritional preferences in Near Eastern legume domestication. Under the above assumption of nutritionally directed domestication, we would expect to find that the wild lentil and pea stocks that were domesticated were capable of providing certain compounds of added nutritional value as compared with those that were not domesticated.
V. Implications for the Study of
Plant Domestication The tendency to stress the similarities in domestication patterns between cereals and legumes, as well as within these two plant groups, may result in a narrow perspective brought about by the artificial "ironing-out" of the diverse biological and cultural aspects of the subject. Our review of this subject stresses the complexity of the picture due to the unique features of each and every plant taxon, pertaining to its adaptation both in the wild and as a crop. It is quite likely that future studies guided by the dissimilarities between the various crops may further broaden our horizons and provide even better answers to the questions underlying Near Eastern crop domestication.
With regard to crop domestication from a cultural point of view, we would like to emphasize the following points:
1) Based on our discussion, it appears that plant domestication required a high level of biological understanding. It entailed complex knowledge accumulation, best manifested by the successful mastering of two very different plant groups, each encompassing different species with unique features.
2) Notwithstanding the dominance of the widely accepted views that unconscious selection processes played a major role in plant domestication (e.g., Harlan et al. 1973; Zohary 2004) , we believe that, in the absence of direct evidence, this issue remains open for debate. The complexity of the domestication process required a high level of awareness of even minor nuances in the biology of the respective species (e.g., Kerem et al. 2007) . Therefore, it is rather unlikely that domestication occurred mainly as a result of unconscious processes or due to some type of environmental accident, as suggested by "dump-heap" serendipitous models (as reviewed by Abbo et al. 2005) .
3) Gaining control of plant species that are mainly confined to primary habitats and that avoid disturbed niches represents a major technological breakthrough. It is possible that once such an achievement is at hand, the transfer of knowledge and the spread of use in the surrounding cultural milieu will be rapid. For example, innovations in lithic technology made in the middle Euphrates Valley (southeastern Turkey-northern Syria) have spread rather quickly throughout the Levant, reaching the southern Levant (some 800 km to the south) within a time span of just a couple of centuries. Such was the case for core-and-blade technology in the production of long, straight (non-twisted, noncurved) blades used to make reaping knives and sickle blades (Gopher 1994 (Gopher , 1999 and for specific types of groundstone implements, such as the "stepped querns" used for grinding vegetal substances (cereals) (Gopher and Orrelle 1995; Gopher 1999) , as well as for other lithic elements that diffused southwards (Gopher 1989 (Gopher , 1994 (Gopher , 1996 . 4) All of the above require culturalsocietal readiness (Braidwood 1967) and could have happened only given the right environmental, biological, and cultural contexts. The holy grail of the Neolithic Revolution is, however, its elusive incentive. Why did certain hunter-gatherer societies opt to change their subsistence base towards reliance on domesticated plants? Was it a response to some climatic event, i.e., environmental stress (e.g., Grossman and Belfer-Cohen 2002; Bar-Yosef and Belfer-Cohen 2002; Bar-Yosef 2007) , or to demographic factors (e.g., Binford 1968; Cohen 1977 )? In our view, it is quite possible that concentrating on a search for a clear practical and functional explanation may be somewhat misleading. For instance, in the Levant, the impact of the cool and dry climatic event known in Europe as the Younger Dryas is still under debate (e.g., Bottema 1995 Bottema , 2002 , and it seems that it considerably predates plant domestication in the region (e.g., Lev-Yadun et al. 2000; Gopher et al. 2001) . The question of demography has also been significantly advanced since the Neolithic Demographic Transition model has been put forward by Bocquet-Appel (2002) . Studies in different parts of the world-the Near East included-clearly show that demographic growth is the result of plant domestication and not its trigger (Guerrero et al. 2008; Hershkovitz and Gopher 2008; Eshed et al. 2004) . Is it possible that social, cultural, and ideological factors were responsible for tipping the balance?
Although these social, cultural, and ideological aspects will always remain somewhat elusive and/or speculative, the current state of knowledge allows for doubts concerning several of the responsive scenarios ("push models") put forward as possible answers.
VI. Natural Distribution, Floral
Biology, and Crop Adaptation Outcrossing occurs at higher frequencies among the Near Eastern cereals discussed in this paper as compared with the legume crops and their wild relatives (e.g., Gritton 1980; de Vries 1971; Waines and Hegde 2003) . This is a combined result of their floral biology (discussed earlier) and population structure-namely, dense stands of cereals versus thin patchy populations of wild legumes. The distribution ranges of the wild progenitors of Near Eastern crops coincide only in the core area of southeastern Turkey and northern Syria (Lev-Yadun et al. 2000) . However, the natural ranges extend differently for each of the wild taxa, reflecting the adaptive ranges of the respective species. For barley (Hordeum spontaneum), it extends from Cyrenaica (North Africa) in the west to the Himalayan foothills in the east, and from Israel to the Iranian Zagros Mountains along the park-forest belt of the Fertile Crescent for tetraploid emmer wheat (Triticum dicoccoides) (Harlan and Zohary 1966) . Wild einkorn (T. boeoticum) and wild chickpea (Cicer reticulatum), on the other hand, have much narrower geographic ranges (Zohary and Hopf 2000) . In the case of wild einkorn (T. boeoticum), the distribution is limited to the northern parts of the Fertile Crescent, while the wild progenitor of chickpea is known only from southeastern Turkey in the area between Adiyaman and Hakkari (Ladizinsky 1995).
The Near Eastern Neolithic farming culture spread from its original core area (sensu Lev-Yadun et al. 2000) in a gradual manner (Braidwood 1967; Ammerman and Cavalli-Sforza 1972) . The sympatric occurrence of the wild progenitors and their respective "founder crop" (sensu Zohary and Hopf 2000) derivatives during the early stages of Near Eastern farming influenced each of the crop species in a different manner. In the case of chickpea, once outside the narrow distribution area of wild Cicer reticulatum, crops became totally isolated from their original genepool with-out even the slimmest opportunity for gene-flow between the cultigen and its wild ancestor. Contrary to this special case with chickpea, for wild barley, both floral biology and the occurrence of wild stands across the vast geographic range between North Africa and Central Asia created numerous opportunities for introgression between domesticated crop forms and local wild populations. In wheat (Triticum sp.), this process probably occurred on a medium geographic scale throughout the natural range of T. dicoccoides. Indeed, DNA polymorphism patterns among wild and domesticated emmer wheat (T. dicoccoides and T. turgidum, respectively) were recently reinterpreted as reflecting the ancient gene-flow that demarks the genetic wave of advance (the so-called "Ripples"), thus attesting to the early expansion of domesticated wheat from its original core area (Abbo et al. 2006) . Similarly, recent evidence presented by Luo et al. (2007) suggests that gene-flow between wild and domesticated emmer occurred throughout the distribution range of wild emmer. For barley, a similar process may have partially affected the genetic structure of the domesticated crop (Morrel and Clegg 2007) .
In theory, such gene-flow between early domesticated forms and local wild relatives may have allowed the introgression of local adaptive allelic variation into the domesticated germplasm. If this has indeed been the case, one would expect to find a wider ecological adaptation among crops that had an opportunity for a longer and geographically wider introgression process compared with crops that were relatively more isolated from their wild progenitors. Notably, among the three Near Eastern domesticated cereals, barley (Hordeum vulgare) has the widest adaptation/range, emmer wheat (Triticum turgidum) has a narrower range, and einkorn (T. monococcum) has the narrowest eco-geographic range, in full accord with the natural range of their respective wild progenitors (Zohary and Hopf 2000; Abbo et al. 2003a; FAO 2007) . A similar pattern can be seen among the Near Eastern grain legumes, with chickpea having the narrowest adaptation profile compared with lentil and pea, again as reflected in their wider eco-geographic ranges, both in the wild and in recent farming systems (Abbo et al. 2003a ).
VII. Lessons for Modern Crop
Improvement By now we believe it is clear to the reader that the study of Near Eastern crop domestication is highly relevant for modern crop improvement. Each of the Near Eastern founder crops has a unique geographic range, population structure, ecological preference, growth habit, and competitiveness. Therefore, the three legume crops and the three cereal crops discussed in this review present unique evolutionary cases, in which present day agronomic adaptations and yield potentials are reflected.
Comparing the evolution prior to and under domestication of legumes vs. cereals suggests that, despite apparent, noncritical similarities between the two plant groups, the different biological features that distinguish legumes from cereals are more relevant to the discussion of the origin of plant domestication and its biological and cultural foundations. Indeed, a comparison between pea (Pisum sativum) and common bean (Phaseolus vulgaris) rules out a common genetic basis for the domestication syndrome even within grain legumes (Weeden 2007) , thereby providing yet another justification for focusing on the biological differences rather than similarities between cereals and grain legumes.
Likewise, a detailed analysis focusing on the different features of each crop plant and its wild relatives is more profitable for understanding ancient Neolithic decision making processes. A central theme of choice-making is the principle of "preemptive domestication," as elegantly discussed by Diamond (1997) at a global scale. However, when applied at the regional scale to the various Near Eastern crop taxa, it creates more questions rather than providing simple answers.
Due to the differences in distribution range, population structure, ecological af-finities, and resulting adaptation profiles among Near Eastern crops, it seems that the study of adaptation in crop plants and their wild progenitors is not effective to the same extent in all cases. For example, comparative physiology is highly relevant for barley (Hordeum vulgare) and wheat (Triticum turgidum), with their widely distributed and cross-compatible wild progenitors. This strategy, however, is much less effective, if at all, for chickpea-first, because of the very limited distribution of its cross-compatible wild relatives, and, second, because chickpea is grown as a post-rainy season crop with a contrasting growth cycle to its wild progenitor across more than 85% of its global acreage (Abbo et al. 2003a) . Therefore, adaptive strategies of most annual wild relatives may be relevant for modern winter cropping of chickpea but not for traditional summer or post-monsoon cropping.
Detailed analyses of the evolutionary history of crop plants may help to expose new adaptive traits and/or genomic regions that were subject to ancient selection. Ancient genetic erosion events, as described by Erskine et al. (1998) for lentil and Abbo et al. (2002) for chickpea, hold great relevance for present-day agronomy. However, in seeking new routes to break the yield ceiling, one needs to advance beyond the genetic and physiological analyses of classical domestication syndrome traits (e.g., seed dispersal, seed dormancy, growth habit) and the associated genetic erosion events. The ecological settings in manmanaged habitats (i.e., farmers' fields) are different from those prevailing in natural ecosystems. The combination of physical environmental factors and selection pressures applied by the farmers eventually gave rise to what is now recognized as a domesticated crop plant (Harlan 1992; Ladizinsky 1998) . Recognizing that wild ecosystems are ecologically different from man-managed fields and that grain yield is a result of extremely complex developmental and physiological networks, operating from germination to grain maturation, highlight the need to identify the respective chromosomal regions that evolved under domestication, apart from the aforementioned classical domestication syndrome traits. Indeed, in a recent review, Ross-Ibarra et al. (2007) stress the relevance of the genetic changes associated with plant domestication for gaining a better understanding of adaptation in general and, more specifically, crop adaptation. They discuss new approaches for identifying the respective chromosomal regions, while particularly emphasizing a bottom-up approach for identifying "adaptation signatures" without visible phenotypes. This approach is important because studies based on initial assumptions on the adaptive role of certain phenotype(s) are biased and are unlikely to identify such gene loci (RossIbarra et al. 2007) .
In his discussion of yield physiology in wheat and its wild relatives, Evans (1993) provides examples of some of the physiological changes (e.g., photosynthetic efficiency) associated with the domestication process. However, as stated above, the complex networks involved in yield determination require complex analytical tools. This makes the new high-throughput genomic technologies ever more relevant for crop improvement. In conjunction with controlled large-scale field phenotyping experiments (e.g., Schauer et al. 2006) , such approaches offer researchers an opportunity to unravel the developmental and physiological networks involved in field adaptation and yield determination. 
